Introduction
We have selected a few candidate metals for conceptual design of overpacks and canisters. Samples of these metals will be subjected to cor rosion tests under repository conditions. Impor tant materials-property data were developed to reflect engineering design requirements for poten tial candidate materials. The metals that were ini tially considered fall into the following categories: austenitic stainless steels, ferritic stainless steels, duplex stainless steels, high-nickel alloys, tita nium alloys, zirconium alloys, copper-nickel al loys, low-carbon steels, and cast irons. These met als are all commercially available.
Our procedure involved determining and evaluating the properties considered to be impor tant. These fall into four general categories:
• General and local corrosion resistance (in cluding welded and heat-affected zones).
• Material and fabrication costs.
• Desired mechanical properties.
• Voidability.
This analysis lias resulted in the selection of tour metals for canister and overpack materials, and one metal for horizontal borehole liners:
1. A1SI 304L stainless steel. 2. AIS1 321 stainless steel. 3. AISI 316L stainless steel. 4. Incoloy 825 nickel-base alloy. 5. AISI 1020 carbon steel (for horizontal borehole liners only). Reference designs for defense high-level waste (DHLW), commercial high-level waste (CHLW), and spent fuel (SF) canisters have been selected from several LLNL conceptual designs. The reference designs may not necessarily be our preliminary or final design configurations, but we are focusing our attention on them during the conceptual design period. For the DHLW package, the AISI 304L stainless steel pourcanister, which will be used to cast the glass at the waste reprocessing plant, has been selected for vertical emplacement into boreholes beneath 1 the drift floors, and a similar but smaller pour can ister has been selected for CHLW (see Figs. 1 and 2) . For both boiling-water reactor (BWR) and pressurized-water reactor (PWR) spent fuel, the reference design is an A151 304L stainless steel canister that will house consolidated fuel rods for vertical emplacement (see Fig. 3 ).
The reference canister and overpack metal is AIS1 304L stainless steel, but alternative metals
We are designing waste packages to meet the Final Rule, NRC 10CI-'R, Part 60, and derivative requirements.'" To comply with these, we have developed the list of design requirements given in Table 1 . These requirements pertain to the dis posal of defense high-level waste, commercial high-level waste, and spent fuel.
Designs
The waste package designs considered in the evaluation and selection of metals for canisters, overpacks, and liners are as follows"':
1.0 Reference designs emplaced in vertical boreholes with no liner and no packing. for those canisters which do not meet acceptance criteria when re ceived at the NNWS1 repository.
will also be considered for the following two rea sons: (1) to provide a replacement material until the reference material is confirmed by testing un der site specific conditions, and (2) to provide comparative data to support the choice of AISI 304L stainless steel as the reference material dur ing the regulatory review.
2.3 Use of packing for spent fuel canis ters, if the engineered system does not meet the release rate requirement. 3.0 Horizontal emplacement of waste pack ages within steel borehole liners. Meeting the design requirements listed in Table 1 involves determining and evaluating the engineering properties considered to be impor tant. Engineering properties are those physical characteristics (corrosion resistance, fracture toughness, weldability, cost, etc.) which signifi cantly affect the performance of the canister and overpack functions in meeting the design require ments cost-effectively. Thus, the four general cat egories were established:
• General and local corrosion resistance.
• Mechanical properties.
• Weldability.
Our desired values for candidate metals prop erties are summarized in Table 2 . These values are meant to serve as general guidelines until detailed design requirements are firmly established.
Corrosion Environment
The waste package/repository environment will include high temperatures, water vapor, at mosphere gases, condensed water containing chemical impurities, and radiation flux. A detailed description of the Topopah Spring unsaturated environment is given in Appendix A. The corro sion environment for the first 1000 years for which the metals were selected is summarized in Tables 3 and 6 ' With minimum ambient temperatures at Yucca Mountain on the order of 18'C" and low waste form power-loads (as low as 50 IV), the outer skin temperature of Ihe waste packages is assumed to be 1HC minimum. General and local corrosion data were ob tained from the available literature and prelimi nary KLNH. corrosion tests. All important known corrosion mechanisms that each metal will be subjected to in the Yucca Mountain repository environment were considered. These iire: general and localized corrosion; pitting, crevice, and intergranular corrosion; and stress-assisted corro sion. A detailed discussion of waste package con tainment barrier corrosion mechanisms is given in Appendix 0. 
Nomination of Candidate Metals
A list of 17 candidate metals which poten tially will meet our design requirements is given in Table 4 . These metal alloys are of three types:
• Iron-base alloys with a ferritic structure (numbers 1-4 in Table 4 );
• Iron-base to nickel-base alloys with an austenitic structure (numbers 5-13); and
• Copper, titanium, and zirconium-base al loys (numbers [14] [15] [16] [17] .
The list of metals will be further screened laler in this report to yield the five top contenders.
Iron-Base Alloys with a Ferritic Structure
The ferritic metals considered for this group are low-carbon steels, despite the fact that lowcarbon steels may have a high corrosion rate in the anticipated oxidizing environment of the repository. The redeeming properties of these steels are: lowest overall unit cost; acceptable strength at room temperature and HOD C; and good .,'oldabilitv. The two low-carbon steels that we considered are AISI 1020 and ASTM A537B. Carbon steel is the reference metal for horizontal borehole liners, based on its low cost and pro jected survival during the retrieval period. Alloying carbon steels with chromium and molybdenum increases the corrosion resistance under oxidizing conditions. The ferritic alloy steels under consideration are expected to resist attack by pitting and crevice corrosion as well as stress-corrosion cracking. The shortcomings of this group are low fiacture toughness values and poor wvldability. The ferritic alloy steels consid ered are AISI HV-) Ti stabilized stainless steel and 2d Cr I Mo stainless steel.
Fron-Basc to Nickel-Base Alloys with an Austenitic Structure
The NiMVSI reference canister and overpack metal, which also is the reference for the DHI.VV and CHI.IV pour-canisters, is AISI 3041. stainless steel. The engineering properties of 3041. stainless steel rate very well, with the exception of suscep tibility to localized corrosion and to stresscorrosion cracking. If intergranular stresscorrosion cracking is excessive for 3041. stainless sleel in the Topopah Spring environment, other stabilized austenitic stainless steels such as 321 stainless steel, or nickel-base alloys, such as Incolov 825, are appropriate choices. If transgranular stress-corrosion cracking is a prob-A summary of all of the metals data obtained is presented in Tables 3, 7, 8 and 9 . All references used to obtain these data are listed in Appendix C.
Corrosion Data
The corrosion data presented in Table 5 were assembled utilizing literature data and judgment based upon experience. These data were used to rank the candidate materials and subsequently se lect the top contenders. These data are presented in commonly used units of mils per year and are for unirradiated conditions. The estimated prob ability factors shown represent an attempt to rank the corrosion mechanisms according to their esti mated relative contributions toward producing ullem for the austenitic stainless steels, an alloy with greater than 20% nickel content,"" such as Incoloy 825, is appropriate.
If pitting and/or crevice corrosion attack is excessive in 3041. stainless steel, then an alloy with increased molybdenum, e.g., AISI 3161. and AISI 3171. stainless steels, or Incoloy 825, will in crease the resistance to these forms of corrosion. All of the 300 series stainless steels may be speci fied with tile extra-low carbon (0.02 max) modification to avoid sensitization in the hightemperature glass-pouring process, and in the final top-cap weld on <ani.'"r and overpacks.
Copper, Titanium, and ZirconiumBase Alloys
The titanium alloys are expected to be verv resistant to conditions that may occur in a strong f>eld of gamma radiation. These alloys are also very resistant to localized forms of corrosion, but lose most of their mechanical strength at 800 C. When compared to the other metals, cupronickel 70/30 has competitive strength and weldabilitv properties, but is vulnerable to corrosion by nitric acid and other oxidizing species in a radiolyzed air-water environment. zTirconium alloys have proven performance in aqueous, radiolyzed envi ronments, but exhibit low mechanical strength, at K00 C, as well as marginal fracture toughness val ues at -18 C. and are the most costly of the can didate metals considered timate failure in the repository environment for each candidate metal. These estimates are be lieved to be conservative, but are not meant to be applied as design data for dimensioning canister and overpack wall thicknesses for corrosion allowance.
There is abundant evidence in the literature,"' dating back as early as 1910, that when moist air is irradiated with ionizing radiation, nitric acid will form. In radiation corrosion experiments with moist air," u it has generally been found that metals known to be vulnerable to corrosion by nitric acid also corrode in irradiated, moist air. It is difficult to estimate accurately the increase in cor rosion rates due 'o irradiation. For conditions in the tuff repository, the relative increases in corro sion rates would probably be significant for reported a 6-month irradiation experiment which indicated that certain austenitic stainless steels and nickelbase alloys had very low corrosion rates in moist air irradiated with a gamma-ray. flux of 5 to 6 megarads per hour at ambient temperature. Under the same conditions, copper samples showed higher corrosion rates. Although this experiment was carried out at a higher dose rate, a lower tem perature, and for much shorter times than are of interest for the tuff repository, the results are in dicative of the type of corrosion behavior to be expected under irradiation conditions.
Metals Data
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Presently no long-term underground corro sion data exist for our candidate metals in an envi ronment exactly like that at Yucca Mountain'' (see Appendix A for a detailed description of the Yucca Mountain corrosion environment). However, un derground corrosion data for a few of the candi date metals were found for Chino silt loam for a 14-year test.
15 Table 6 lists the significant attributes of both environments and presents available data. Figure 4 compares the two envi ronments schematically. The data presented in Table 6 indicate the following for the Chino silt loam environment:
• A Mo-containing austenitic stainless steel (e.g., type 316) performed better than an ordinary Ni-Cr austenitic stainless steel (e.g., type 304).
• Ferritic stainless steels (e.g., types 430 and 410) did not perform as well as 304 stainless steel.
Performance was determined by general cor rosion and pitting corrosion rates on coupons of these alloys buried in soil. Relationships between the corrosivity of soils and factors such as soil resistivity, pH, aeration, and the corrosion prod ucts formed have been suggested in the literature.'"'" Although major differences are shown be tween the Chino silt loam environment and the Topopah Spring tuff of Yucca Mountain environ ment, there are also some similarities, and these data represent "best guesses" for long-term un derground conditions until site-specific data for the repository environment become available.
Material and Fabrication Costs
Rolled and welded pipe manufacturing pro cesses are representative of the kind of fabrication involved in manufacturing overpacks. Diameters of 0.3 to 0.91 m represent the upper limit of canis ter and overpack diameters that we contemplate in our designs, so we used the cost of 0.91-m (36-in.) diam by 12.7-mm (1/2-in.) wall, welded pipe as a measure. These costs were obtained by tele phone contact with commercial fabricators. The costs of alternative fabrication processes such as extrusion and centrifugal casting were also con sidered, but were rejected due to high cost or fail ure to meet our minimum design requirements. Table 7 shows the costs of the candidate metals.
Desired Mechanical Properties
Certain mechanical properties are important in this application: lracture toughness at 255 K ( -18°C), elongation, nil-ductility temperature, tensile strength, and yield strength at 1073 K (800°C). Fracture toughness at lowest ambient temperature is a property of a material that de fines its resistance to brittle fracture. This property is dictated by the requirement that the waste package survive a drop test from a height of two times the package length without leaking. During transportation and at Yucca Mountain, minimum handling temperatures are roughly 255 K ( -18°C). The ductility (elongation) is also impor tant to the drop test requirement. The fracture toughness of certain alloys exhibits significant variations vvith changes in temperature. The nilductility temperature is that temperature below which normally ductile materials behave in a brit tle fashion.
The ultimate tensile strength is a measure of the stress which will lead to fracture of the mate rial. The margin between the yield strength and the ultimate strength is a measure of the degree to which stretching and bending rather than fracture takes place after the yield strength is exceeded. Actual designs will load the material to a stress below the yield strength, including a factor of safety The yield strength at 1073 K (800'C) is re lated to high temperature glass pouring opera tions and to the requirement of surviving a 1073 K (800'C), 30-minute fire test without leaking. Table 8 summarizes the mechanical properties data.
Weldability
The waste package containment barrier will have several welded joints. The final weld of the top-cap to the main overpack and canister bodies will be done remotely. Table 9 lists the weldability data. Possible welding problems were identified by yes (1) or no (0) binary evaluation of the fol lowing characteristics: preheat requirements, spe cial interpass temperature, postheat requirements, special welding atmosphere, low weld toughness, nonstandard welding process, nonstandard non destructive evaluation process, special cleanliness during fit-up, and not economical relative to 304 stainless steel. The overall weldability also in cludes all dimensional and mechanical property requirements of the weld and heat-affected zone.
Extensive discussions on weldability were held with H. Weiss, P. Landon, C. Witherell, all LLNL; J. Lippold, Sandia National Laboratories; and metals suppliers and pipe fabricators.
Ranking of Candidate Metals
The 17 candidates have been ranked accord ing to the data shown in Tables 5, 7, 8, and 9 . Each factor (corrosion resistance, cost, mechanical properties, and weldability) was given the same weighting. A score of 0 was designated for "some disadvantages", 1 for "suitable" and 2 for "supe rior." Table 10 shows the results. 
Results and Recommendations
Analysis of the data presented in this report resulted in selection of the four highest ranking metals out of the 17 candidates for canisters or overpacks. A1SI 1020 carbon steel was chosen for hole liners. Summary statements are given on these metals.
AISI 304L Stainless Steel: a low carbon, general-purpose austenitic stainless steel. We will further specify a premium grade with an extra'Iow carbon content of less than 0.02% C if experimen tal results and analysis indicate that chromium carbide precipitation (sensitization) will occur dur ing welding and glass pouring.
AISI 321 Stainless Steel: a general-purpose, austenilic stainless steel with a titanium addition for stabilization of the carbon, thus preventing the formation of chromium-carbides (sensitization) during welding and glass pouring, as well as over long periods of time, at low temperatures (100-300°C).
AISI 316L Stainless Steel: a low carbon, aus tenitic stainless steel with the addition of 2-3% molybdenum for more resistance to pitting corro sion than type 304L. We will further specify a pre mium grade with an extra low "carbon content of less than 0.02% C if experimental results and anal ysis indicate that chromium carbide precipitation (sensitization) will occur during welding and glass pouring.
Incoloy 825: a nickel-iron-chromiummolybdenum-copper austenitic alloy designed for use in extremely corrosive environments. This al loy is stabilized with titanium to resist intergranular corrosion and intergranular stress corrosion cracking. The nickel content makes it very resistant to transgranular stress corrosion cracking. The molybdenum and copper give this alloy resistance to pitting and crevice corrosion. The high chromium content gives it resistance to various types of oxidizing environments.
The results of our analysis show the five met als that best satisfy the requirements for disposal of high-level waste at the NNWSI-proposed repository at Yucca Mountain. Testing is presently planned or in progress on these metals for further development of the waste package design for the unsaturated zone. The reference canister and overpack metal is AISI 304L stainless steel, but AISI 1020 Steel: a low carbon, generalpurpose steel, for horizontal borehole liners, ap propriate for a 50-year retrieval period. AISI 1020 steel has satisfactory properties for use as hole lin ers and is very attractive from a cost standpoint.
The remaining materials were not selected for the following reasons:
• ASTM A537B steel: low corrosion resis tance for overpacks and canisters, and more ex pensive compared to AISI 1020 steel for horizontal borehole liners.
• AISI 409 stainless steel: relative weldability problems.
• 26 Cr-1 Mo steel: relative weldability problems.
• AISI 317L stainless steel: more expensive compared to AISI 316L stainless steel, with limited improvement in corrosion resistance.
• Nitronic 33: more expensive compared to AISI 304L stainless steel, with minor improvement in properties.
• JS 700: more expensive compared to AISI 304L stainless steel and weldability problems.
• Ferralium 255: unacceptable nil-ductility temperature and more expensive than AISI 304L stainless steel.
• Inconel 625: more expensive than Incolov 825.
• Ti Code 2: expensive, low yield strength at 800 °C.
• Ti Code 12: expensive, relative weldability problems, low fracture toughness.
• Zr 702: expensive, relative weldability problems, lw\v tracture toughness.
• Cupronickel 70/30: low corrosion resis tance in gamma-irradiated moist air and aerated water. alternative metals will also be considered for rea sons previously discussed. The primary alterna tive metals have been selected from the list of the 17 candidate metals discussed in this report. They are AISI 321, AISI 316L, Incoloy 825 for canisters and overpacks, and 1020 carbon steel for borehole liners.
Conclusion 15 Appendix A. Emplacement Environment
The NNWSI project has selected the Topopah Spring Member of the Paintbrush Tuff as the reposi tory target horizon for a repository sited at Yucca Mountain. The repository will be located in a welded portion of the tuff'unit and will lie approximately 350 to 400 meters below surface level. The static water level is over 100 meters below the repository level. The depths given here are based on information obtained from geologic and hydrologic boreholes around the edge of the repository block and from the principal borehole (USW G-4) at the exploratory shaft. The exact depth of the repository horizon will be established during the exploratory shaft phase of the program.
The choice of the unsaturated zone marks a departure from the conventional environment in which repository siting has been proposed. There are many characteristics of the unsaturated zone which make use of this regime particularly attractive for a high-level waste repository site. Several advantages of the unsaturated zone over the saturated zone are described below:
• The waste canisters will not be submerged in a continuum of water. Rather, they will be subjected to constant contact with water vapor and to intermittent contact with limited amounts of liquid water.
• The pressure exerted on the canisters by the environment will be approximately 1 atmosphere. There is no hydrostatic pressure because there is not a continuum of water above or around the canisters.
• The environment to which the canister is exposed will be of air plus water vapor, it the tempera ture is more than 100°C* This is a consequence of the absence of hydrostatic pressure.
• Aqueous corrosion of the canister or overpack can only begin after the temperature has dropped to less than 100°C. This is because liquid water cannot exist in the unsaturated zone at temperatures higher than 100°C, the 1-atmosphere boiling point of water. Calculations of thermal history for reference canisters show that for CHLW, canister temperatures will drop below 100°C approximately 180 years after waste emplacement. For spent fuel packages, the canister temperature will remain 100° C or greater for approximately 1000 years after emplacement (see Table 3 ).
• The vadose water and atmosphere of the repository will be mildly oxidizing. This may promote the growth of a protective coating of oxidation products on the skin of metal components of the waste package. Such oxidized coatings can form protective layers against further corrosion, as in the cases of stainless steel, zirconium, and titanium.
• Water available for corrosion and waste form dissolution is limited to the small amount supplied by downward infiltration from the overlying unsaturated media, a flux currently estimated to be about 8 mm/year.
• It may be possible to design the repository so that the limited amount of water which enters the repository area drains through the area by fracture flow. This would result in reduced contact time for water, waste canister, and waste form, a factor which would reduce radionuclide release to very low levels.
• The low pressure in the repository means that canisters and overpacks do not need to be designed to withstand high hydrostatic pressures. The only strength requirements for canisters and overpacks will be that they must withstand any stress conditions which might arise during normal and accident handling and emplacement operations, or during retrieval operations and expected seismic events. * Thi' actu.il boiling point of water at the repository horizon will be about 95"C: for simplicity in reading, 100' C is used throughout this discussion.
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Appendix B Metal Components for Use as Canister and/or Overpack Materials
The reference metal for use in overpack and canister fabrication for the NNWSI repository is 304L stainless steel. In this section, we will provide an upper-limit estimate for the rate of uniform corrosion of this material in the unsaturated zone. We will then describe a research and development program to determine the actual rate of uniform corrosion under expected repository conditions and whether any nonuniform corrosion mechanisms can be expected to be important.
The maximum calculated consumption of 304L stainless steel by uniform corrosion in Topopah Spring tuff has been calculated to be 0.12 cm in the first 1,000 years after waste emplacement (see following discussions). This estimate was calculated using the thermal history for CHLW and DH1.W canisters, which require a larger corrosion allowance than spent-fuc 1 canisters. The spent-fuel corrosion allowance can be less because the canister will remain free from contact with liquid water for 770 years after emplacement (see Table 3 ) (for the period from 77()-]()00 years, water contacting the 100 C canister will flash evaporate).
Corrosion rates were estimated for 3041. stainless under three corrosion regimes. In all cases, the most conservative estimates allowed by the existing data were used. The basis for the estimates is discussed. The data used were taker, from results on types 302, 304, and 304L, which differ primarily in their maximum carbon contents (0.15, 0.08, and 0.03 percent, respectively). The carbon content at this low level should not significantly affect the rate of uniform corrosion. The environments defined and the corrosion rates used are as follows:
• Steam, 300 to 100' C, 0.3 tim/yr.
• Moist air, 100°C, 1.0 jum/yr.
• Hot aerated water, 80 to 100°C, 2.5 /um/yr. To allow some credit fo~ the actual unsaturated conditions, the steel is presumed to be in contact with water for only half the time period when the temperature is below 100' C.
The corrosion-oxidation rate in steam above 100°C was based on extrapolation of data from higher temperatures down to the repository temperature range. A 2-year test at approximately 600°C in steam indicated a corrosion rate of l?ss than 5 /um/yr for 304L stainless steel. 1 The corrosion attack was uniform. Data obtained for type 302 at 875°C in "wet" and "dry" air showed rates of 11 and 7.5 /um/yr, respectively, after 300 hours. The rate then slowed to 9 and 4.5 /jm/yr, respectively, after 500 hours. 1 The thickness of metal oxidized versus time follows a parabolic rate law so that estimates of consumption based on a linear extrapolation as done here are conservative. Stainless steels show a threshold temperature above which the oxidation rate becomes "appreciable." For the stainless steels considered here, the threshold tempera ture is about 900°C. hi extrapolating the available data to the temperature range of interest for the repositor)' by an Arrhenius rate law, the oxidation rate in wet air becomes essentially zero. However, to assign a nonzero number to the rate, the value of 0.3 ^m/yr was selected based on the sensitivity of the experimental observations and considering the time period over which the observations were made. This value is very conservative and would not be dependent upon the actual temperature at the canister or overpack surface.
Corrosion during the period when water reenters the waste package environment (below 100°C) was estimated by using the corrosion rate at the boiling point of water. The value of 1 ^m/yr was assigned based on atmospheric corrosion of stainless steel type 304. Five-year exposure data at an industrial site in the United Kingdom yielded a rate of 0.12 ium/yr averaged ever the 5-year period. During this time the atmosphere was partially controlled by the use of air pollution controls. 2 This, again, is a conservative estimate since the industrial environment contains SO : that would hydrolyze to give acidic conditions on the metal surface. Because these data were obtained at an assumed prevailing temperature of about 15°C, they were extrapolated to 100°C by assuming that the corrosion rate roughly doubles for each 30°C increase in temperature. 1 This assumes that there is no change in the corrosion mechanism. The corrosion rate for the bulk of a 1,000-year postemplacement period was estimated using the rate for stainless steel immersed in water which is saturated with air in the temperature range of 80 to 100°C. To ailow some credit for unsaturated conditions, the canister or overpack was assumed to be immersed oniy half the time. Again, the assumptions involved here are very conservative. The actual conditions will involve far less water. The corrosion rate which prevails under the immersed conditions is 2.5 ^m/yr. This value was based on a compilation of sources.
1 A Three-year data from exposure to Mississippi River water indicated a corrosion rate for 304 of less than 2.5 uta/yr. The same general corrosion rate was obtained for polluted acid mine runoff in Monongahela River water and for more saline Savannah River water (1,300 ppm chloride). In the last case, the metal showed signs of the onset of crevice attack. Experience in boilers and with the high-purity water used in nuclear reactors shows that 304 stainless steel has negligible corrosion rates under those conditions. For example, at 260°C in high-purity water the rate is 1 fim/yr, including the effects of other corrosion attack due to reactor operation. Expected general corrosion rates of 304L stainless steel exposed to water typical of a repository in the unsaturated tuff are low, if the condi tions described in Appendix A are correct. A general corrosion rate was assigned for this period and temperature range equal to the highest value in the range recorded from the foregoing references. This estimate will be modified as soon as results are available from the experimental program to be outlined.
The materials testing program for metal components of the waste package will focus on the 300-series austenitic stainless steels. Analysis of the data available on corrosion in a variety of environments shows that several different types of nonuniform corrosion mechanisms are of possible concern if the glass-pour canister is used as the primary containment barrier. The potential problem areas are sensitizing of the steel from the temperatures encountered during glass casting operations, pitting and crevice attack, transgranular stress corrosion, and long-term phase stability of the metal. The following paragraphs discuss the conditions under which it is expected that these factors will be of concern, and the remedies available if 304L shows a nonuniform corrosion mechanism that would rule out its use as the containment barrier. Finally, an outline of the testing program is given. The program is designed to determine the corrosion rate and mechanism for the reference canister material and alternative materials under expected repository conditions.
During the manufacture of waste glass, hot liquid is poured into the canister. The canister wall is exposed to molten glass which has a temperature on the order of 1,100°C at the start of the pouring operation. The canister becomes heated by the glass and cools slowly as the glass cools to room tempera ture. The relatively low thermal conductivity of the glass (average of 1 W/mK) means that the canister cools slowly through a wide temperature range. The slow cooling allows diffusion of Cr out ol the alloy and precipitation of chromium carbides at grain boundaries. The lower the carbon content of the steel, the longer the material must be held at the high temperature for this process to occur. Figure B -l illustrates this point. The areas to the right of the curves and enclosed by the curves are the time-temperature regions where sensitizing of the steel will occur due to chromium carbide precipitation. Following precipi tation, the region surrounding the grain boundaries is Cr-depleted and is likely to corrode at a more rapid rate than the normal alloy. The exact time-temperature history for 304L pour canisters is not presently known; however, when combined with reasonable glass production and cooling scenarios, the curves shown in Fig. B -l suggest that sensitizing during glass casting should not be a problem.
The curves in Fig. B -l are for unstressed material. Tensile stress shifts the curves to shorter times at temperature so that these curves cannot be used to accurately predict the time-temperature regime to cause sensitizing of 304L stainless steel. This question will have to be addressed as part of the materials testing program. The low-temperature (100 to 300°C) time-temperature sensitizing curves for very long times (hun dreds of years) are not known. The potential for sensitizing of 304L in the repository environment will need to be assessed as part of the research and development program.
Other processes that might cause sensitizing of the steel are those associated with welding operations and residual stress from canister fabrication. Any stresses induced before using the canister as the recepta cle for hot glass ran be removed by annealing the fabricated canister.
If sensitizing of the 304L is shown to occur during glass-casting operations, two alternatives ate available: canisters could be overpacked with 304L that was not sensitized; or a different material (such as the stabilized grades of stainless steel 321 or 347), which is not susceptible to chromium carbide formation, could be used for the canister.
If sensitizing is a problem because of the repository cooling history, the solution would be to use a material that would not be sensitized. Preliminary estimates suggest that use of 321 or 347 stabilized grades of steel would eliminate the sensitizing concern and would not introduce new difficulties. Some care needs to be taken when welding these grades of steel; preliminary assessments indicate that the welding method proposed for the Defense Waste Processing Facility (DWPF) should be adequate.
Another possibility for minimizing sensitization effects is use of a premium grade of 304L with carefully controlled extra-low carbon content. As illustrated in Fig. B -l, lowering the carbon content pushes the time-temperature sensitization curves toward the right. The lower carbon content requires longer times before a sensitized structure occurs. In addition, the nitrogen content can be controlled to low levels, because this element also influences the sensitization behavior of stainless steels.
Pitting and crevice attack are a potential concern in the repository environment. These corrosion mechanisms come into play when a concentrated electrolyte comes in contact with a metal susceptible to pitting or crevice corrosion. Chloride concentrations that cause pitting and crevice attack on 304 stainless steel are shown in Fig. B-2 . Once these mechanisms of corrosion are initiated, further rapid corrosion can occur at the site of initiation because of the local production of concentrated electrolyte solutions. While normal conditions in a repository sited in the unsaturated zone at Yucca Mountain will not produce solutions with high concentrations of electrolytes, there are some mechanisms by which localized attack by such solutions might occur. For example, water dripping from a fracture onto a hot canister might evaporate, leaving a residue of salts. An accumulation of small amounts of salts in a small area might later produce the potential for pitting or crevice corrosion at that site.
To address this concern, the metals testing program will evaluate the susceptibility of 304L stainless steel to pitting and crevice corrosion under "over-stress" conditions ol concentrated electrolyte solutions containing ions known to be present in water at the repository level. Particular emphasis will be placed on chloride and fluoride ions that are known to enhance pitting and crevice attack. Should 304L show a susceptibility to these modes of attack, the solution would be to use a material less prone to pitting and crevice corrosion. The 316L and 317L grades of stainless steel would provide more resistance to pitting and crevice attack without introducing any known concerns in other areas.
Transgranular stress corrosion cracking can occur under the conditions already discussed for pitting and crevice corrosion, when the canister retains residual stress accumulated from the fabrication, welding, glass pouring, and cooling processes. In addition, the products of gamma radiolysis may accelerate this corrosion mechanism as well as pitting and crevice attack. Nickel additions to austenitic stainless steels irp" ">rt greater resistance to transgranular stress corrosion cracking. Alloy 825 (Incoloy 825) is an example of a high-nickel stainless alloy that resists cracking in concentrated chloride-containing solutions.' This alloy also contains molybdenum and titanium and is therefore more resistant to pitting, crevice, and intergranular corrosion than is 304L in higher strength ionic solutions. However, alloy 825 is considerably more expensive than 304L. It would therefore merit use as a canister material only if our investigations showed that a combination of high residual stress and more aggressive chemical conditions did develop in the repository environment than we initially expected, and that the performance of 304L in this circum stance was inadequate. If unstressed 304L shows adequate stress corrosion resistance, but stressed 304L does not, then the obvious solution is to overpack th? 304L canister with a 304L overpack fabricated and welded by processes that minimize residual stress accumulation.
The final concern in connection with 304L stainless steel is that of phase stability. While 304L usually possesses an austenitic structure, this structure is metastable with respect to phase separation into ferritic (body-centered cubic) and austenitic (face-centered cubic) phases of somewhat different compositions. This metastability is related to the overall alloy composition and is particularly sensitive to the carbon and nitrogen contents. By itself, a duplex ferrite-austenite structure is not necessarily detrimental to tru corro sion behavior. During welding and resolidification, some ferrite normally occurs in the fusion zone. This, in fact, is a desirable reaction because a low level of ferrite prevents hot cracking in the welded region, but a high level of ferrite may result in embrittiement. The ferrite phase has less fracture toughness than the corresponding austenitic phase, and the ferritic structure has a tendency over a long period of time to transform to a very brittle sigma phase. The usual practice is to keep the ferrite content between 5 and 10% in the weld zone. With regard to the phase stability of 304L and other alternative austenitic stainless alloys previously discussed, an overall balance between the ferrite-stabilizing elements (Fe, Cr, Mo, Ti, Si, and Nb) versus the austenite-stabilizing elements (Ni, Mn, Cu, C, and N) must be maintained. When an increase or decrease of one of these elements is specified to raise the resistance to a particular form of corrosion, an adjustment in the others is often required to preserve the desirable austenitic structure. In addition to the high fracture toughness of austenite, as opposed to that of ferrite, the austenitic structure is more resistant to hydrogen-provoked embrittiement. Hydrogen can enter metal lattice during aqueous corrosion. Radiolytic decomposition of water also produces hydrogen. Hydrogen embrittiement effects are associated with a strained metal lattice and represent another form of stress comsion cracking. The testing program addresses this possible deleterious effect by use of stressed and welded coupons in the test matrix. If hydrogen embrittiement or loss of fracture toughness develops as a problem, remedies include tighter specifications of the canister alloy composition or use of a relatively unstressed overpack of 304L.
LL
The metals testing program is concerned with the reference material, AI5I 3041. stainless steel, and the three leading alternative materials, AIS1 3211., A1S! 3161., and Incolov 825. These alternative materials were nominated because of their improved resistance to particular forms of localized and stress-assisted corrosion. The alternatives are 3161. (more crevice and pitting corrosion resistant), 321 (more intergranular corrosion and intergranular stress corrosion resistant), and Incolov 825 (more resistant to transgranular stress corrosion, also more resistant to pitting, crevice, and intergranular forms as well). Variations in the 3(HI. composition, particularly toward premium grades with extra 'ow carbon and low interstitial elements are included in th':' test program matrix, too. Some other stainless steels may be tested if time, resources, and the need exist. These primarily have compositions between 3)61. and Incoloy 825. They would be included in the test matrix if a concentrated electrolyte scenario were a realistic occurrence: and if the halide ion loncentration developed near the canister surface were much higher than that of the reference I 13 water.
Survey tests will be run on (I) flat coupons lo determine the general corrosion rati' and susceptibility to pitting corrosion ol the metals; (2) creviced coupons lo determine the susceptihilil\ to crevice attack, (1) stressed coupons, including welded specimens, to determine whether stress corrosion and Iv drogcn embritllement are likely to incur; and (4) sensitized coupons lo delermim the likelihood of intergrannl.ir corrosion, lesimg will also be done using tubular specimens that are heated from the i enter. The corro sion environments that will be investigated are (I) the hot "drv" steam plus an environment (10(1 to 3(1(1 O; (2) the wet-to-dry cycling conditions (SO to 1(10 r ); (3) fulls immersed (80 to 100 C) in water. I-nvironmenls 2 ..wtd 3 will be investigated with and without the presence of gamma radiaiion in order to detirmine the effects of radiation and radiolysis reactions on corrosion. Some tests will he done using extreme environments to determine whether there is any possibility that specific nonuniform corrosion mechanisms will become important in the repository under ui.usual environmental conditions. following completion of the survev tests, a metal will be chosen for use m the prelimina'v waste package design Should unexpected results occur during the survev tests, il mav be necessarv to extend the list of metals to solve particular problems. The metal selected for the preliminarv design, anc. two alternative materials, will then be subjected to intensive long-term testing to confirm that performance in the repositorv (of metal components) can be confidently predicted.
While the borehole liners discussed as part of an alternative design for horizontal emplacement do not constitute a nuclear waste containment barrier, their use would require assessment of their expected service life in a tuff repository environment. The borehole liner should survive the 50-rear retrieval period. The corrosion rate and corrosion attack pattern will therefore be determined on carbon steel under the environmental conditions just discussed for canisters ^nti overpacks. Possible galvann corrosion ef fects between the liner material and canister material will be addressed.
As a final remark, it is recognized that localized and stress-assisted forms of corrosion are the limiting factors in using 3041. stainless steel (or any of the alternative allovs mentioned). The burden of proof in the metal barrier testing program is to show that the incidence of these types of occurrences falls to extremelv low levels of probability under anticipated repositorv environmental a>iiditi"ns. The occur rence of localized and stress-assisted forms of corrosion has a statistiial distribution tor a given alloy/environmental combination. Advanced testing procedures incorporate statistical factors in conduct ing the tests and analyzing results. Examples of these kinds of tests include use of extreme value slat : acs to evaluate long-term localized corrosion observations and use of fracture mechanics stress corrosion testing procedures to relate stress, the distribution of fabrication-induced flaws in metals, and the resulting crack-propagation rates. Details of these testing procedures are discussed by Ailor." T.ie objective of this work is to reduce the uncertainty of test results to low levels, consistent with the effort and expenditures in obtaining the results. Effort and money alone cannot buy experience, and while oi r experience with the proposed alloys is on the order of 50 years, the results of the metal testing wi'i be tracked with the available information on these alloys to obtain the most reasonable extrapolation possible. Because stain less steels were developed for their corrosion resistance, the corrosion performance information on these materials is abundant and very well-documented.
